Huang XR, Chung AC, Wang XJ, Lai KN, Lan HY. Mice overexpressing latent TGF-␤1 are protected against renal fibrosis in obstructive kidney disease.
Transforming growth factor (TGF)-␤1, once activated, binds to its receptors and mediates renal fibrosis via the downstream Smad signaling pathway. We reported here that mice overexpressing latent TGF-␤1 in keratinocytes were protected against renal fibrosis in a model of obstructive kidney disease. In normal mice, both transgenic (Tg) and wild-type (WT) mice had normal renal histology and function, despite a 10-fold increase in plasma latent TGF-␤1 in Tg mice. A severe renal fibrosis was developed in WT mice at 7 days after urinary obstruction. Unexpectedly, renal fibrosis was prevented in Tg mice, although levels of latent TGF-␤1 in both circulation and renal tissues remained high. Compared with the WT mice, quantitative real-time PCR showed that upregulation of renal ␣-smooth muscle actin (SMA), collagen I, and collagen III mRNA was inhibited in Tg mice (60 -70% reduced, all P Ͻ 0.01). These were further confirmed by immunohistochemistry with a marked inhibition of tubulointerstitial accumulation of ␣-SMAϩ fibroblasts, collagen I, and collagen III matrix in Tg mice (all P Ͻ 0.001). Further studies showed that inhibition of renal fibrosis in Tg mice was associated with a significant reduction in renal TGF-␤1 and CTGF (60% reduced, P Ͻ 0.05), an increase in renal Smad7, a suppression of TSP-1 (a critical factor for TGF-␤1 activation), and an inhibition of Smad2/3 activation (all P Ͻ 0.001). In conclusion, latent TGF-␤ may play a protective role in renal fibrosis. Inhibition of renal TGF-␤1 expression and activation, thereby blocking the downstream TGF-␤ signaling pathway, may be a critical mechanism by which latent TGF-␤1 protects against renal fibrosis.
TGF-␤ signaling; transgenic mice; Smads; UUO TRANSFORMING GROWTH FACTOR ␤1 (TGF-␤1), a multifunctional cytokine with fibrogenic properties, has long been considered as a key mediator of renal fibrosis in both experimental and human kidney diseases (1, 2, 23) . In the pathological conditions, TGF-␤1 has diverse roles in anti-inflammation, while inducing fibrosis. This is illustrated by the finding that mice with targeted disruption of TGF-␤1 gene develop autoimmune disease (16, 24) . In contrast, mice with overexpression of a bioactive form of TGF-␤1 in the liver develop severe renal damage with progressive renal fibrosis (11) . Indeed, TGF-␤ stimulates extracellular matrix (ECM) deposition by increasing the synthesis of ECM proteins on the one hand, while inhibiting ECM degradation on the other (1) . The important role of TGF-␤ in renal fibrosis is clearly demonstrated by the finding that renal scarring can be induced by overexpressing TGF-␤1, but is inhibited by blocking TGF-␤ with a neutralizing TGF-␤ antibody, decorin, and antisense in a number of animal models (reviewed in Refs. 1, 2, 23).
TGF-␤1 is produced and secreted as a latent complex, consisting of mature dimeric TGF-␤1, a latency-associated peptide (LAP), and a latent TGF-␤ binding protein (LTBP). LAP binds to the NH 2 terminal of TGF-␤ to prevent it from binding to its receptors, while LTBP-1 binds the LAP-TGF-␤ complex to prevent TGF-␤ from interacting with local matrix proteins (19) . Activated TGF-␤1 is released when an NH 2 -terminal LAP is cleaved from the mature TGF-␤1 by pH, heat, protease, thrombospondin-1 (TSP-1), reactive oxygen species, and integrin ␣v␤6 (4, 10, 20) . Once activated, TGF-␤1 binds its receptors and then activates its downstream signaling mediators, called Smad2/3, to exert its biological activities (5) . TGF-␤ is also able to induce its downstream inhibitor Smad7, which, in turn, balances TGF-␤ signaling by inhibiting Smad2/3 phosphorylation via its negative feedback mechanisms (9) .
Although mice with overexpression of a bioactive form of TGF-␤1 in the liver develop severe renal damage with progressive renal fibrosis (11), our recent finding shows that mice expressing a human latent TGF-␤1 in skin keratinocytes exhibit a normal renal histology and function (22) . These observations indicate a distinct role for active vs. latent TGF-␤1 in renal fibrosis. Furthermore, we also found that mice that overexpress latent TGF-␤1 in keratinocytes are protected against kidney from inflammatory injury in a mouse model of unilateral ureteral obstructive (UUO) kidney disease, despite a 10-fold increase in circulating levels of latent TGF-␤1 (22) . These contradictory findings suggest a complex role for TGF-␤1 in renal inflammation and fibrosis.
While it is known that mice overexpressing latent TGF-␤1 can prevent renal inflammation in a model of UUO (22) , it remains unclear whether latent TGF-␤1 is pathogenic or protective in renal fibrosis in UUO. To address this question, the present study examined renal fibrosis response in the same model of UUO induced in mice that overexpress latent TGF-␤1 as previously described (22) . Renal fibrosis including ␣-SMAϩ myofibroblasts and collagen matrix accumulation and their mRNA expression was examined. Furthermore, the underlying mechanisms including expression of renal TGF-␤ and its downstream mediator CTGF, and activation of the TGF-␤/Smad signaling pathway, were investigated.
MATERIALS AND METHODS
Obstructive kidney disease model. Latent TGF-␤1 transgenic (Tg) mice were generated from ICR background mice (14) . A progressive UUO kidney disease model was induced in both wild-type (WT) and Tg mice (18 -20 g body wt, 3 mo old) by left ureteral ligation (22) . Groups of six to eight mice were euthanized on day 7 after the left ureteral ligation. In addition, groups of six normal WT and Tg mice were used as normal age-matched controls. Kidney tissues were collected for histology, immunohistochemistry, and real-time PCR analysis. The experimental procedures were approved by the Committee on the Use of Live Animals for Teaching and Research at the University of Hong Kong.
Real-time PCR. Total kidney RNA was isolated using the RNeasy kit, following the manufacturer's instructions (Qiagen, Valencia, CA). The cDNA was synthesized and real-time PCR was run with the Opticon real-time PCR machine (MJ Research, Waltham, MA) using IQ SYBR green supermix reagent (Bio-Rad, Herculus, CA) (7). The specificity of real-time PCR was confirmed via routine agarose gel electrophoresis and Melting-curve analysis. Housekeeping gene GAPDH was used as an internal standard. The primers used in this study were ␣-smooth muscle actin (SMA): forward 5Ј-ACTGGGAC-GACATGGAAAAG-3Ј, reverse 5Ј-CATCTCCAGAGTCCAGCACA-3Ј; collagen I: forward 5Ј-GAGCGGAGAGTACTGGATCG-3Ј, reverse 5Ј-TACTCGAACGGGAATCCATC-3Ј; collagen III: forward 5Ј-TGGTCCT-CAGGGTGTAAAGG-3Ј, reverse 5Ј-GTCCAGCATCACCTTTTGGT-3Ј; TGF-␤ forward 5Ј-CAACAATTCCTGGCGTTACCTTGG, reverse 5Ј-GAAAGCCCTGTATTCCGTCTCCTT; CTGF forward 5Ј-CTCCAC-CCGAGTTACCAATGACAA-3Ј, reverse 5Ј-CCAGAAAGCTCAAACT-TGACAGGC-3Ј; GAPDH forward 5Ј-TGCTGAGTATGTCGTGGAG-TCTA, reverse 5Ј-AGTGGGAGTTGCTGTTGAAATC.
Histology and immunohistochemistry. Renal histology was examined in methyl Carnoy's fixed, paraffin-embedded tissue sections (4 m) stained with hematoxylin and eosin or periodic acid-Schiff (PAS). Immunostaining was performed in paraffin sections using a microwave-based antigen retrieval technique (12) . The antibodies used in this study included rabbit polyclonal antibodies to phosphorylated Smad2/3 (p-Smad2/3), Smad7, TGF-␤1 (Santa Cruz Biotechnology, Santa Cruz, CA), TSP-1 (Abcam, Cambridge, MA), collagen I and III (Southern Tech, Birmingham, AL), and ␣-SMA (Sigma, St. Louis, MO). After being developed with 3,3-diaminobenzidine, sections were counterstained with hematoxylin. An isotype-matched rabbit IgG (Sigma) was used as a negative control throughout the study.
To examine the relationship between expression of renal Smad7 and activation of TGF-␤ signaling, a microwave-based two color immunohistochemistry was used (12) . Briefly, after being stained with Smad7 and developed with 3,3-diaminobenzidine to produce a color brown within the cytoplasm, sections were microwaved again for 10 min, which denatures bound IgG molecules on the sections to prevent antibody cross-reaction and inactivates the endogenous alkaline phosphatase. Sections then were labeled with rabbit anti-p-Smad2/3 using a three-layer mouse alkaline phosphatase-anti-alkaline phosphatase complex and developed with Fast Blue BB Base (Sigma), giving a blue product in the nucleus.
Quantitative analysis of immunostaining was carried out on coded slides (7, 22) . Briefly, the number of positive cells for p-Smad2/3 was counted in 20 consecutive glomeruli and expressed as cells/glomerular cross-section (gcs), whereas positive cells in the tubulointerstitium were counted under high-power fields (ϫ40) by means of a 0.0625-mm 2 graticule fitted in the eyepiece of the microscope, and expressed as cells per millimeter squared. Accumulation of ␣-SMAϩ cells, collagen I, collagen III, TGF-␤1, and TSP-1 in the entire cortical tubulointerstitium (a cross-section of the kidney) was determined using the quantitative Image Analysis System (7, 22) . Briefly, the examined area of the tubulointerstitium was outlined, positive staining patterns were identified, and the percent positive area in the examined tubulointerstitium was then measured. Data were expressed as percent positive area examined. wt Tg and WT mice show normal renal histology. C: representative obstructive kidney from a WT mouse with severe tubulointerstitial fibrosis as evident by abundant elongated fibroblasts and extracellular matrix accumulation at day 7 after ureteral ligation. D: representative obstructive kidney from a Tg mouse shows relatively normal histology at day 7 after the ureteral ligation. Tissue sections are stained with PAS. Magnification ϫ200. UUO, unilateral ureteral obstruction.
ELISA. Since TSP-1 is a major mechanism of TGF-␤1 activation, plasma levels of TSP-1 in both normal and diseased animals were measured using a TSP-1 Immunoassay kit (DTSP10, R&D Systems, Minneapolis, MN).
Statistical analyses. Data obtained from this study were expressed as means Ϯ SE. Statistical analyses were performed using one-way ANOVA from GraphPad Prism 3.0 (GraphPad Software, San Diego, CA).
RESULTS
Mice overexpressing latent TGF-␤1 are protected against renal fibrosis in obstructive kidney disease. As shown previously, although TGF-␤ Tg mice exhibited a 10-fold increase in circulating latent TGF-␤1 and a 2.5-fold elevation of latent TGF-␤1 within the kidney, Tg mice exhibited a normal renal function and histology (22) . This was further illustrated in Figs. 1, 2, 3, and 4 (A, B) . Tg mice showed normal renal histology similar to the WT mice (Fig. 1, A and B) . However, severe renal fibrosis as evident by morphology with abundant accumulation of elongated fibroblasts within the damaged tubulointerstitium was noted in the WT mice after UUO (Fig.   1C ). In contrast, Tg mice exhibited a few fibroblasts and little ECM accumulation within the tubulointerstitium, although tubules remained highly dilated due to the high intralumen pressure induced by ureteral ligation (Fig. 1D) . Immunohistochemically, both normal WT and Tg mice exhibited a few ␣-SMAϩ myofibroblasts and collagen I and collagen III accumulation within the cortical tubulointerstitium (Figs. 2-4, A  and B) . However, in UUO kidney, severe renal fibrosis with a marked increase in accumulation of tubulointerstitial ␣-SMAϩ myofibroblasts and collagen I and collagen III was developed in WT mice (Figs. 2-4C) . Surprisingly, severe renal fibrosis was largely inhibited in Tg mice, showing a few ␣-SMAϩ myofibroblasts and minimal collagen I and III accumulation within the UUO kidney (Figs. 2-4D ). These findings were further confirmed by quantitative analysis as shown in Figs. 2-4E . Consistent with the immunohistochemical findings, real-time PCR revealed that a marked increase in mRNA expression of ␣-SMA, collagen I, and collagen III was found in the UUO kidney in WT mice, which was blocked in Tg mice (Fig. 5) . Inhibition of TGF-␤ and its downstream signaling pathway is a key mechanism by which TGF-␤1 Tg mice are protected against renal fibrosis in UUO kidney disease. We next investigated the mechanisms whereby TGF-␤ Tg mice were protected against renal fibrosis. We first examined the expression of renal TGF-␤1. As shown in Fig. 6 , real-time PCR demonstrated that a significant upregulation of renal TGF-␤1 mRNA was found in the WT mice after UUO (Fig.  6A) . In contrast, Tg mice exhibited a normal level of TGF-␤1 mRNA in the UUO kidney. Similarly, immunohistochemistry showed that a marked upregulation of TGF-␤1 protein was found in the diseased kidney of WT mice (Fig. 7, A, C, E) , which was inhibited in Tg mice (Fig. 7, B,  D, E) . It is known that CTGF is a downstream mediator of TGF-␤ signaling. We then examined CTGF expression. Real-time PCR showed that WT mice exhibited a significant increase in renal CTGF mRNA expression within the UUO kidney, which was prevented in Tg mice (Fig. 6B) .
Increasing evidence shows that TGF-␤1 acts by activating its downstream mediators, Smad2/3, to mediate renal fibrosis (2, 23) . Indeed, compared with normal mice (Fig. 8, A and B) , a marked activation of Smad2/3 as determined by phosphorylated Smad2/3 nuclear translocation was found in the diseased kidney of WT mice, particularly in the areas of severe tubulointerstitial fibrosis (Fig. 8C) , which was inhibited in Tg mice (Fig. 8, D-F) . Two-color immunohistochemistry further showed that a marked activation of Smad2/3 in the diseased kidney of WT mice was associated with a significant reduction of renal Smad7 (Fig. 9, A and C) . In contrast, Tg mice exhibited a strong expression of renal Smad7 in both normal and diseased kidneys, which was associated with a marked inhibition of nuclear p-Smad2/3 (Fig. 9, B and C) .
Inhibition of TSP-1 expression may be a mechanism of prevention of renal TGF-␤1 activation in mice with overexpression of latent TGF-␤1.
Because only active TGF-␤1 can bind to its receptors to initiate the downstream signaling pathway and because TSP-1 is the most important molecule mediating TGF-␤ activation (4, 20) , we examined TSP-1 expression within the kidney by immunohistochemistry and systemic levels by ELISA. As shown in Fig. 10 , normal kidneys from both WT and Tg mice exhibited a low, but constitutive expression of TSP-1 by glomerular cells, tubular epithelial cells, and interstitial cells (Fig. 10, A, B, E) . In contrast, a marked increase in TSP-1 expression was found in the diseased kidney of WT mice, suggesting a strong activation of TGF-␤1 locally within the diseased kidney, which was significantly inhibited in Tg mice (Fig. 10, C-E) . ELISA analysis also demonstrated that there was a marked increase in plasma levels of TSP-1 in WT mice, while levels of TSP-1 in Tg mice remained normal (Fig. 10F) .
DISCUSSION
In addition to our previous report that latent TGF-␤1 is able to protect the kidney from inflammation in a mouse model of UUO kidney disease (22) , the present study added a new and significant finding that mice that overexpress latent TGF-␤1 in skin keratinocytes were also capable of inhibiting progressive renal fibrosis. These observations provided a new role for latent TGF-␤1 in anti-renal inflammation and fibrosis.
While mechanisms of latent TGF-␤1 in anti-renal inflammation in a mouse model of UUO have been described previously (22) , there were several mechanisms whereby latent TGF-␤1 may exert its anti-fibrosis in UUO. First, inhibition of renal TGF-␤1 expression and activation, thereby blocking TGF-␤/Smad signaling, may be a critical mechanism of latent TGF-␤1 in protection against renal fibrosis in obstructive kidney disease. It is well-documented that TGF-␤ is activated by a number of mechanisms including TSP-1 (4, 10, 20) . In the present study, both renal and systemic TSP-1 expression was markedly increased in WT mice with UUO. In contrast, Tg mice had low expression levels of renal TSP-1 and normal levels of plasma TSP-1 during the disease course. This may largely account for a significant increase in active TGF-␤1 in the UUO kidney in WT, but not in Tg mice (22) . It is well accepted that active TGF-␤1 binds its receptors and then activates its downstream mediators, Smad2 and Smad3, to exert its biological effects such as fibrosis (2, 5, 23) . Thus, an increase in TSP-1 may contribute to high levels of active TGF-␤1 within the diseased kidney in WT mice, which may result in activation on the downstream TGF-␤/Smad signaling pathway, leading to progressive renal fibrosis. In contrast, inhibition of Smad2/3 activation and severe renal fibrosis in Tg mice with UUO may be associated with normal levels of TSP-1 and active TGF-␤1. Thus, inhibition of TSP-1 expression, thereby reducing levels of active TGF-␤1 and TGF-␤/Smad signaling, may be one mechanism by which mice overexpressing latent TGF-␤ are protected against renal fibrosis in UUO. These findings suggest that latent and active TGF-␤1 may work opposite to mediate renal fibrosis in obstructive kidney disease. This is supported by the findings that mice overexpressing a bioactive form of TGF-␤1 in the liver develop progressive liver and renal fibrosis spontaneously (11) and that mutation in the gene encoding the LAP of TGF-␤1 results in an increase in active TGF-␤1 and causes Camurati-Engelmann disease (8) . In addition, prevention of GVHD-associated skin fibrosis and liver damage in bioactive TGF-␤1 Tg mice by administering the LAP demonstrates the counterregulating role of latent vs. active TGF-␤1 in fibrosis (3, 25) . This is further supported by the ability of additional LAPs to block TGF-␤-induced fibronectin expression and PAI-1 promoter activity in vitro (3) . In the present study, an increase in latent TGF-␤1 resulted in inhibition of renal TGF-␤/Smad signaling and its downstream fibrogenic mediator CTGF, thereby inhibiting renal fibrosis. This is consistent with our recent finding that mice overexpressing latent TGF-␤1 are protected against renal fibrosis in an immunologically induced anti-GBM crescentic glomerulonephritis (7) . Taken together, all these findings suggest a counterregulating role for latent TGF-␤1 in renal fibrosis induced by active TGF-␤1 and demonstrate the functional complexity of latent vs. active TGF-␤1 in renal fibrosis and inflammation.
Second, although the counterregulating mechanisms between latent and active TGF-␤1 remain largely unknown, induction of renal Smad7 could be a mechanism of anti-fibrosis and anti-inflammation by latent TGF-␤1 in UUO. We previously showed that renal Smad7 is upregulated in TGF-␤ Tg mice with UUO and that upregulation of renal Smad7 is capable of inhibiting NF-B-dependent renal inflammation by inducing a NF-B inhibitor, IB␣, in this diseased model (22) . In the present study, two-color immunohistochemistry clearly demonstrated that a marked Smad2/3 activation in the diseased kidney of WT mice was associated with a reduction in renal Smad7, while a strong upregulation of renal Smad7 in Tg mice resulted in a marked inhibition of p-Smad2/3 nuclear translocation, suggesting a critical role for Smad7 in inhibition of TGF-␤ signaling in renal fibrosis. The signaling mechanism that Smad7 inhibits Smad2/3-mediated renal fibrosis and NF-B-dependent renal inflammation in response to latent TGF-␤1 is further demonstrated in our recent study in an immunologically induced mouse model of anti-GBM glomerulonephritis (7) . Although it remains unclear as to how latent TGF-␤1 induces renal Smad7, it is possible that a persistent higher level of latent TGF-␤1 in both plasma and kidney tissues may allow maintaining a low level of active TGF-␤1, which may favor maintaining a TGF-␤/Smad signaling at the physiological level, thereby steadily stimulating renal Smad7 expression that prevents overactivation of Smad2/3 and renal fibrosis. However, this could be lost when Smad2/3 became overactivated in response to higher levels of active TGF-␤1 as seen in this and other models of renal fibrosis (6, 13) . Normally, renal Smad7 is high, but it is significantly reduced in the fibrotic kidney associated with overactivation of Smad2/3 in various chronic kidney disease models (6, 13, 17) , including this study. Thus, overexpression of renal Smad7 blocks TGF-␤/Smad2/3-mediated renal fibrosis in vitro (15) , in a rat model of UUO (20, 24) , and in rat remnant kidney diseases (7). Taken together, upregulation of renal Smad7 could be a central mechanism by which mice overexpressing latent TGF-␤1 are protected against activation of TGF-␤/Smad signaling and Smad-dependent renal fibrosis in UUO.
Finally, inhibition of renal inflammation may also contribute to prevention of renal fibrosis. We previously showed that overexpression of renal Smad7 is able to inhibit renal inflammation, including macrophage and T cell infiltration and expression of IL-1␤ and TNF-␣ in a mouse model of UUO with high levels of latent TGF-␤1 and in a rat model of remnant kidney disease (18, 22) . Thus, reduced renal inflammation may in turn favor inhibition of renal fibrosis by blocking upregulation of fibrogenic growth factors such as TGF-␤1 and CTGF in response to inflammatory stimulation within the UUO kidney.
In summary, in contrast to the previous finding that overexpression of an active hepatic TGF-␤1 largely elevates circulating bioactive TGF-␤1 and results in progressive renal fibrosis (11) , mice that express a latent form of TGF-␤1 in skin keratinocytes exhibited renoprotective effects on renal fibrosis in obstructive kidney disease. Inhibition of TSP-1 and upregulation of renal Smad7, thereby blocking renal TGF-␤1 expression, activation, and TGF-␤/Smad signaling, could be key mechanisms by which latent TGF-␤ protects against renal fibrosis. Fig. 8 . Immunohistochemistry shows that mice overexpressing latent TGF-␤1 are protected against a marked activation of Smad2/3 within the fibrotic kidney at day 7 after UUO. Normal kidney from a WT mouse (A), normal kidney from a Tg mouse (B), UUO kidney from a WT mouse (C), UUO kidney from a Tg mouse (D), and quantitative analysis (E, F) in the glomerulus and tubulointerstitium. Note that both normal WT and Tg mice show a few phosphorylated Smad2/3 (p-Smad2/3) within the glomerulus and tubulointerstitium as evident by nuclear location (dark black; A and B), but a strong activation of p-Smad2/3 within areas of severe tubulointerstitial fibrosis is found in WT mice with UUO (C), which is significantly inhibited in Tg mice (D). Sections are stained with the anti-p-Smad2/3 Ab as described in MATERIALS AND METHODS. Each bar represents means Ϯ SE for a group of 6 (normal) or 8 (UUO) mice. *P Ͻ 0.05; ***P Ͻ 0.001 compared with the normal control. ###P Ͻ 0.001 when compared with the WT UUO. Magnification ϫ200.
GRANTS

